Using numerical simulations of pairs of long polymeric chains confined in microscopic cylinders, we investigate consequences of double-strand DNA breaks occurring in independent topological domains, such as these constituting bacterial chromosomes. Our simulations show a transition between segregated and mixed state upon linearization of one of the modelled topological domains. Our results explain how chromosomal organization into topological domains can fulfil two opposite conditions: (i) effectively repulse various loops from each other thus promoting chromosome separation and (ii) permit local DNA intermingling when one or more loops are broken and need to be repaired in a process that requires homology search between broken ends and their homologous sequences in closely positioned sister chromatid.
INTRODUCTION
A typical bacterium, such as Escherichia coli, stores its genetic information in just one several mega base pairlong circular DNA molecule that is 1000 times longer than the bacterium cell length (1, 2) . Such a long DNA molecule forms bacterial chromosome, whose structure is not yet determined in details, but several independent methods revealed that its organization is based on sequentially arranged, torsionally constrained loops, called topological domains (3) . The size estimates of topological domains range from 10 000 to 700 000 bp (3) (4) (5) (6) . Because of steric and topological exclusion of neighbouring loops, the entire chromosome gains a character of a springy, but relatively rigid, circular filament (6) (7) (8) that is mechanically constrained within bacterial cell just like an elastic O-ring placed in a confining cylinder with a smaller diameter than the natural diameter of the O-ring. The topological exclusion naturally arises as a consequence of DNA decatenation activity of type II DNA topoisomerases that use the energy of adenosine triphosphate (ATP) hydrolysis to simplify DNA topology (9) .
Mutual exclusion of relatively rigid sister chromosomes in the cylindrical confinement of bacterial cells causes that after DNA replication is finished, the two sister chromosomes settle one after the other along the long axis of rodlike bacterial cells (1, (10) (11) (12) (13) . Such a placement of sister chromosomes prepares cells for the division, during which a forming septum constricts the cylindrical bacterial cell in the middle and splits the mother cell in such a way that each daughter cell receives one entire copy of the chromosome. Mutual exclusion between two sister chromosomes was proposed to be the main factors ensuring separation of bacterial chromosomes (14) , but there are also known active mechanisms of DNA pumping, pushing and pulling that may assist that process (1, 2, (15) (16) (17) .
Topological exclusion between different topological domains naturally decreases contacts between regions belonging to these topological domains. There are, though, specific biological situations where extensive contacts between DNA regions originally belonging to two different loops in two sister chromosomes should be allowed. Such a situation arises when there are one or more doublestrand breaks in the DNA. These breaks need to be repaired by homologous recombination that necessities, though, that the DNA from the broken loop could invade the territory of unbroken loops in the search of homology. In that vital DNA repair pathway, the break is mended in a complex process that requires that at least one end of the broken region finds its homologous sequence in the sister chromosome (18) (19) (20) . Although specialized proteins such as RecA (21) are needed for finding the homology, the search for homology is diffusion-driven, and RecA can only stabilize the homologous contacts that happened randomly (22) (23) (24) (25) . Therefore, the possibility to intermingle of linear DNA with closed topological domains is the prerequisite for the efficient homology recognition.
If there is a spontaneous switching between separated and mixed state upon DNA break this could resolve a conflict between the requirement for inter-domain topological exclusion as needed to give bacterial chromosomes the character of elastic O-rings and the requirement for inter-domain mixing as needed for double-strand break repair.
Many earlier studies using numerical simulation and theoretical approaches revealed that although highly concentrated linear polymers intermingle with each other, the non-catenated circular polymers stay segregated (26) (27) (28) (29) . However, these earlier studies treated mainly the case of a bulk solution, and it was realized relatively recently that the propensity of polymers to segregate increases when the polymers are confined to elongated microscopic vessels such as nanofabricated microchannels or cylindrical bacterial cells (14, 30) . One seminal study arrived to the conclusion that both circular and linear long polymeric chains are expected to segregate spontaneously when confined to microscopic cylindrical containers with the dimensions of E. coli cells (14) . More recent simulation studies revealed, however, that two cylindrically confined linear polymers can mix with each other if their concentration is high enough and if these polymers are thin enough with respect to the diameter of the confining cylinder (31) . That study establishing the influence of the polymer thickness on the mixability of linear polymers under cylindrical confinement did not address, though, the influence of thickness on the propensity to mix between circular polymers or between linear and circular polymers under a cylindrical confinement. As the cylindrical confinement can only aid the separation process (14, 30, 31) ; therefore, even thin circular polymers should not be expected to mix when confined within narrow cylinders. The remaining question then is whether linear and circular polymers can spontaneously mix under conditions of cylindrical confinement.
MATERIALS AND METHODS
In each analysed case, simulated systems consisted of two chains (of same length) enclosed within a cylinder with spherical caps. Each chain, representing one topological domain, could be either circular or linear and was formed by N hard-core beads of radius r, with distance between centres of consecutive beads fixed to 2r, the N ranged from 200 to 1400.
To study thermal equilibrium properties of the system, we used a Metropolis Monte Carlo algorithm (32) based on crankshaft moves described earlier (33) . The error bars were evaluated using the 'blocking' method (34) . In the case of two circular chains, the chains were restricted to unknotted and uncatenated topology by preventing chain crossing during crankshaft moves (33) . Presented data were obtained in simulations that started from an initial configuration with both chains inside the enclosing cylinder and not overlapping. We checked, though, that in case of two circular chains, these segregate even if we start with completely overlapping configurations ( Supplementary Figures S6 and S7 ). The Metropolis Monte Carlo algorithm was run during >10 7 Monte Carlo iterations ( Supplementary Table S1 ) for each analysed system. We checked the decay of the correlation between measured variables during time evolution of studied systems and saw that in the worst case (two linear chains with 2800 beads), our simulations lasted for 1000 correlation times measured for the variable with the largest correlation time ( Supplementary Table  S1 and Supplementary Figures S1-S3 ). We also traced the temporal evolution of observable values ( Supplementary Figures S4-S6 ). During the simulation, we measured contact probabilities as well as chain overlap length as defined later in the text.
The chain overlap length was defined as the length of the zone over which the two chains overlap along the axis of the confining cylinder (31) .
To evaluate the average inter-chain contact probability experienced by individual beads, we considered all the possible pairs of beads with one bead in each chain and measured the ratio between the number of pairs showing a contact (two beads were considered in contact when the distance between their centres was smaller than 3r) and the total number of possible pairs. Similarly, average intrachain contact probability was evaluated by considering all possible pairs of non-consecutive beads in the same chain and measuring the ratio between the number of pairs that were in contact and the total number of considered pairs.
To evaluate end-beads' inter-chain contact probability, we considered all possible pairs of beads involving one of the end-beads of one chain and any of beads in the other chain and measured the ratio between the number of pairs showing the contact and the number of all considered pairs. To measure end-bead intra-chain contact probability, we considered all possible pairs involving an end-bead and any internal bead that is non-consecutive to that endbead; subsequently, we measured the ratio between the number of the pairs with contact and the number of all considered pairs. Thermal averages of contact probabilities and chain overlap length were obtained by measuring these quantities every 20N iterations (discarding the first 2000N iterations) and averaging. Error bars were evaluated with the 'blocking' method (34) .
RESULTS
To investigate whether independent topological domains can switch between segregated and mixed state upon DNA break, we proceeded with Monte Carlo simulations. As the precise organization of bacterial chromosomes is not known yet and we do not know, for example, how neighbouring or more distant loops are connected with each other, we investigated not only most elementary but also most generic cases of two circular, two linear or one circular and one linear long polymer molecules confined to a small cylindrical compartment with the geometry resembling this of E. coli cell. Such a system is certainly oversimplified, as the number of topological domains in bacterial cells with two sister chromosomes should be at least 10 times higher (4,6); however, the topological repulsion between ring polymers acts between each pair of interacting rings. To investigate the most generic case with the minimal number of adjustable parameters, we neglected DNA supercoiling. From a biological point of view, this neglection is at least partially justified when considering conditions under which environmentally induced double-stranded breaks are produced. Evolutionarily significant DNA damage sources, such as ultraviolet, produce many more single-stranded breaks than double-stranded breaks (35) . Therefore, ultraviolet exposure that results in linearization of one or more topological domains is likely to torsionally relax many other topological domains. Our modelling neglects also specific interactions with nucleoid-associated proteins and possible osmotic compaction of bacterial nucleoids, which are likely to have profound effects on the overall structure of the nucleoid (36) (37) (38) . However, as the knowledge about these interactions is far from complete, their effect is neglected also by other contemporary simulation studies investigating general underlying principles governing the behaviour of bacterial chromosomes (6, 14, 39) .
Earlier studies revealed that the propensity of polymers to mix depends, in addition to the topological state of the polymers (linear or circular), on such factors like the concentration of the polymers, the aspect ratio of the confining cylinder and the ratio between the diameter of the confining cylinder and the confined polymer (31, 40) . To reflect the situation within E. coli cells, the total volume of modelled polymer chains was set to 5% of the actual volume of the confining cylinder. The 5% value was chosen, as it approximately corresponds to the volume occupied by two DNA molecules that are 2.2-mm long each, have the effective diameter of 3 nm (41) and are contained within a cell with a volume of 0.6 mm 3 (42) . The confining cylinder with hemispherical caps had a length:diameter ratio of 4, as this approximately corresponds to length:diameter ratio of typical E. coli cells (43) . For our simulations of long polymeric chains, we used a model composed of freely jointed spherical beads (33) . Such models are frequently used to model large-scale behaviour of polymers while not being too heavy computationally, and thus permits to perform computations in reasonable time (44) . An earlier, widely quoted study arrived to the conclusion that under cylindrical confinement, similar to this operating in E. coli cells, concentrated polymer molecules segregate irrespectively of whether they are circular or linear (14) . We believe, however, that this lack of distinction between mixability of linear and circular polymer molecules resulted from a too coarse graining of modelled polymers and in particular from the fact that the ratio between the diameter of the enclosing cylinder (D) and the diameter of enclosed polymers was too low (that ratio amounted to 14, whereas it is 100 times bigger in bacterial cells). To evaluate the influence of the ratio between the diameters of confining cylinder (D) and confined polymers (d), we performed a series of independent simulations, where the confining cylinder and the physical volume of modelled polymer chains were staying the same, but where the confined polymers were getting thinner as their length was increased. We studied equilibrium properties of systems composed of pairs of equal size chains amounting together to 400, 800, 1600 or 2800 beads. We investigated situations where both chains were circular, both were linear or where one was circular and the other linear. In the case of two circular chains, we introduced a condition that the circles remain unknotted and uncatenated, as it is known that bacterial topoisomerases such as topo IV use the energy of ATP hydrolysis to maintain the DNA in unknotted and uncatenated state (9, 45) . Figure 1 shows representative simulation snapshots of thermally equilibrated pairs of polymeric chains. The left column shows that as the two linear polymers get longer and thinner, they pass from a segregated to a mixed state. In the case of co-confined linear and circular chains (middle column), the onset of mixing is delayed as compared with two linear chains but chains with 1400 beads show a clear mixing. In the case of co-confined circular chains (right column), segregation is observed even for the thinnest chains tested.
As we progress from chains with 200 beads to these with 1400 beads, the ratio between the diameter of the enclosing cylinder and diameter of individual beads (D/ d) increases, and in this case, it grows from 11 to 24. It is good to mention that in bacterial cells, the ratio between the inner diameter of the cell and the effective diameter of DNA is of the order of 150, however, reaching this D/d ratio in simulations that maintain the same concentration of modelled polymers would require us to increase the number of beads so much that we would be unable to sample well the configuration space of the system and provide a reliable statistics. Our results indicate, though, that for polymer concentration of 5%, the D/d ratio of 20 is sufficient to observe a pronounced mixing of linear and circular chains, and the extent of mixing is likely to increase with the further increase of the D/d ratio. In the case of two circular chains, we know from earlier theoretical and numerical studies that even at arbitrarily high D/d ratio (the situation in the bulk solution) and at highpolymer concentration, the polymer rings remain segregated (26) (27) (28) (29) 46) . Therefore, there is no reason to suspect that a change of the D/d ratio from 22 to 150 could induce mixing of circular chains.
Translating the results obtained for the thinnest investigated chains to a biological situation, where there is a double-stranded break in one of topological domains of bacterial chromosome, that break naturally provides a possibility for the broken ends to invade territories occupied by other topological domains. This of course increases the probability that homologous contacts will be established between DNA sequences flanking the break and homologous sequences in the sister chromatid. The search is facilitated by the fact that two sister chromatids are maintained in a close apposition for a relatively long time after DNA replication (47, 48) . These homologous contacts are necessary for the two broken DNA ends to be reunited.
To provide a more quantitative measure of how a break of one or both chains stimulates mixing of two confined polymers, we followed the approach of Jung et al. (31) and measured the overlap length , i.e. the length of the zone over which the two chains overlap along the axis of the confining cylinder (Figure 1) . The is negative when there is an empty zone between the two polymers, is zero if the two polymers just touch each other and can range up to the entire cylinder length when the polymers are mixed completely and the zone of overlap spans the entire cylinder length. Figure 2 shows how the /(cylinder length) changes as the chains become longer and thinner. It is visible that as the chains get longer and thinner and their D/d ratio increases from 11 to 22, the overlap length increases for all tried combinations. This increase is strongest for two linear chains but is also strong for linear and circular chains placed together. Two circular chains also show an increase of the overlap length, but this increase is much less pronounced and seems to saturate.
Of course, chains with a larger overlap length are more likely to contact each other than chains with a smaller overlap length; however, the overlap length by itself does not translate directly into the probabilities of contacts involving the two chains. Therefore, we investigated how the ratio between inter-and intra-chain contacts is affected by the topology of two polymer chains subject to cylindrical confinement, as the chains are getting longer and thinner while maintaining the same overall volume fraction (Figure 3 ). In the case of two circular chains, we looked at the ratio between interand intra-chain contacts experienced by an average bead in the chain. The overall connectivity of the chain makes intra-chain contacts much more frequent than inter-chain contacts. The lowest profile in Figure 3 shows that any bead in a circular chain is >100 times more likely to contact another bead from the same chain than a bead from the second chain. This high dominance of intrachain contacts remains practically unchanged as the circular chains get longer and thinner. Figure 1 reveal that mixing between linear and circular chains is frequently limited to terminal portions of linear chains. In fact for homologous pairing of broken ends with the sister chromosome, it is not required that the entire linear DNA molecule mixes with the circular DNA molecule. The only requirement is that two or at least one end of the broken molecule can mix with the other molecule so that the homology can be found. Therefore, we investigated the relative frequency of inter-chain and intra-chain contacts experienced by terminal beads of linear chains. We observed that Figure 1 . Presentation of simulated systems. Representative snapshots of equilibrated configurations of two circular (left column), circular and linear (middle column) and two linear chains (right column) with the increasing chain length and decreasing thickness so that they maintain the same volume. As representative, we consider those snapshots that show the overlap length close to the average value of for a corresponding system. The overlap regions are indicated with dark grey colour for an easy estimation of the overlap length . For easier visualization of end beads in linear chains, we encircled them on the shown images. Figure 2 . Chain overlap length increases with the chain length and the ratio between diameters of the confining cylinder and of confined chains. For all tested conditions, the overlap length was largest for systems composed of two linear chains and smallest for systems composed of two circular chains. The two circular chains showed also the smallest increase of the overlap length, as the chains were getting longer and thinner.
Snapshots presented in
inter-chain/intra-chain contact ratio of terminal beads in linear chains is several fold higher than inter-chain/intrachain contact ratio of an average bead in circular chain confined together with another circular chain. In the case of systems composed of one linear and one circular chain (Figure 3 , middle profile) that relative increase of intermolecular contact of terminal beads was 6-fold for chains composed of 200 beads and 8-fold for chains composed of 1400 beads. In the case of systems composed of two linear chains (Figure 3 , lower profile), the boost of interchain/intra-chain contacts experienced by terminal beads was even stronger and neared an 10-fold increase for chains of 1400 beads as compared with the inter-chain/ intra-chain contact ratio experienced by any bead of circular chains of the same size.
DISCUSSION
Our modelling studies indicate that a double-strand break in a closed topological domain within bacterial chromosome is able to induce a spontaneous transition between a segregated and intermingled state involving topological domains belonging to two sister chromatids kept in close apposition (47) . Figure 4 schematically presents a model showing how a transition between segregated and intermingled state of topological domains in freshly replicated portions of bacterial chromosomes can be implicated in dsDNA break repair. Figure 4A illustrates that as long as there is no DNA damage resulting in a dsDNA break, freshly replicated portions of sister chromosomes segregate from each other, as even at high concentration of polymers, closed polymeric loops effectively repulse each other especially when they are actively maintained in uncatenated state (28, 29, 46) . Of course, to reach non-catenated segregated state of topological domains belonging to freshly replicated portions of sister chromosomes, the action of DNA topoisomerases is needed. In this respect, especially important is the activity of bacterial topoisomerase IV and DNA gyrase that are required for active DNA decatenation (9, 41, 49, 50) .
Once a dsDNA break is formed in one of the topological domains, the DNA portions with free ends are released from the topological exclusion. For these linearized portions of topological domains, it becomes entropically favourable to intermingle with neighbouring topological domains including this formed on the homologous portion of the sister chromosome ( Figure 4B and C) .
Homology-dependent repair of dsDNA break requires pairing between sequences flanking the break and their homologous sequences that for any single-copy gene can only be found in the sister chromosome. The actual pairing process necessitates participation of specialized proteins such as RecA that modify the structure of the broken ends in such a way that they can form stabilizing hydrogen bonds when contacting homologous DNA sequence (51, 52) . However, the actual search process is diffusion-driven (22) (23) (24) (25) , and homologous contacts are only established when homologous regions find each other after a random search. Once the pairing is achieved, the two ends can be joined by several different mechanisms (19) . If both ends paired with their homologous sequences, the ends are joined by formation and processing of double Holliday junction (53) . If only one end managed to find its homologous sequence, it can follow synthesis-dependent strand annealing (SDSA) repair pathway, where the 3 0 -ended strand of the paired end is extended by DNA polymerase using the homologous sequence as the template (20) . Subsequently, the extended end can be released from the homologous contact and anneal with the appropriately processed other end resulting from the initial double-strand break (20) . That later process is facilitated by the fact that linearized polymers mix preferentially with each other (Figure 1 ).
When the continuity of the broken loop is re-established, the action of DNA topoisomerase IV permits removal of interlinks involving newly closed topological domain and other domains ( Figure 4D ). From that point on, both portion of freshly replicated sister chromosomes regain the character of an elastic O-ring because of strong topological repulsion acting along individual portions of sister chromosomes and also between the two sister chromosomes. These repulsive elastic interactions can drive then the process of separation of two sister chromosomes.
We believe that organization of bacterial chromosomes into topological domains was selected during the evolution, as it permitted to use generic polymer effects that not only cause spontaneous segregation of highly concentrated non-catenated polymeric rings but also cause spontaneous mixing of linear and circular polymers. Thanks to topological repulsion of sequential topological domains, bacterial chromosomes acquire the overall form of an elastic O-ring that is needed to ensure rapid segregation of newly replicated bacterial chromosomes (7, 8) . Topological repulsion ceases to act, though, when the DNA is linearized, and this provides the possibility of broken DNA to mix with juxtaposed topological domains on sister chromatid, as needed to establish homologous contacts required for repair of double-strand breaks.
Recent studies firmly established that also eukaryotic chromosomes are composed of topological domains (54, 55) . Several earlier simulation studies proposed that organization of eukaryotic chromosomes into loops promotes segregation of interphase chromosomes into distinct chromosome territories (56) (57) (58) (59) . Of course double-stranded breaks occurring in eukaryotic Upon dsDNA break the DNA from the topological domain with the break doesn't experience the topological exclusion and its broken ends spontaneously invade neighbouring topological domains.
In RecA-mediated reaction two broken ends pair with their homologous sequences in the sister chromosome.
Upon recombinational repair the DNA from sister chromosomes segregate again in a process assisted and driven by type II DNA topoisomerases.
Due to topological exclusion freshly replicated portions of sister chromosomes spontaneously segregate as long as there are no dsDNA breaks. chromosomes are also expected to promote intermixing that would be required for the homology search needed for the repair of double-stranded breaks. Dedicated study aimed to observe consequences of double-stranded breaks in eukaryotic nuclei showed that specifically labelled chromatin regions surrounding double-stranded breaks expand by 30-40% within 180 s after the emergence of the breaks (60) . These results strongly support the proposal that double-stranded breaks in topological domains induce a transition from segregated to intermingled state involving the topological domain in which the double-stranded break occurred.
